Background: Tumour stroma percentage (TSP) has previously been reported to predict survival in patients with colorectal cancer (CRC); however, whether this is independent of other aspects of the tumour microenvironment is unknown. In the present study, the relationship between TSP, the tumour microenvironment and survival was examined in patients undergoing elective, curative CRC resection.
introduction
Colorectal cancer (CRC) remains the second most common cause of cancer-related death in Western Europe [1] . Even in patients undergoing potentially curative resection, survival remains poor, with a 5-year survival of ∼50% [2] . It is clear that there remains a need to identify novel prognostic characteristics alongside current pathological staging, particularly in patients with node-negative disease [3] .
There is now increased appreciation of the importance of the tumour microenvironment, including tumour necrosis and host local inflammatory responses, in cancer progression and survival [4, 5] . More recently, the tumour stroma itself has been identified as an important determinant of progression in a number of solid cancers [6] . The stroma facilitates the survival and proliferation of neoplastic cells and promotes epithelialmesenchymal transition (EMT) [7] , and local and metastatic dissemination [8] . Furthermore, tumour stroma may contribute towards chemoresistance in patients undergoing 5-fluorouracil (5-FU)-based chemotherapy [9] . Consistent with the above scheme, an increase in the proportion of tumour stroma has been associated with poorer survival in a number of solid cancers, including CRC [10] [11] [12] . Indeed, assessment of the proportion of tumour stroma using routine pathological specimens may act as a surrogate for tumour stroma activity and its subsequent effect on survival and chemoresistance.
It is not clear, however, whether the effect of an expanded tumour stroma on survival is independent of host inflammatory responses and other components of the tumour microenvironment. Moreover, the relationship between tumour stroma, host and tumour characteristics remain unknown. In the present study, the relationship between tumour stroma percentage (TSP), the tumour microenvironment and survival was examined in patients undergoing curative, elective CRC resection patients and methods
Patients were identified from a prospective database of elective and emergency CRC resections in a single surgical unit at Glasgow Royal Infirmary. Patients who, on the basis of pre-operative abdominal computed tomography and laparotomy findings, were considered to have undergone potentially curative, elective resection (stage I-III) between January 1997 and May 2008 were included. Exclusion criteria were neoadjuvant therapy and death within 30 days of surgery. The study was approved by the West of Scotland Research Ethics Committee, Glasgow.
Patient demographics and pre-operative laboratory measurements (albumin and C-reactive protein) were collected prospectively. The systemic inflammatory response was assessed using the modified Glasgow Prognostic Score (mGPS) [13] . At multi-disciplinary meetings following surgery, patients with stage III and high-risk stage II disease were considered for suitability for 5-FU-based chemotherapy.
Tumours were staged using the fifth edition of the tumour, node and metastases (TNM) classification [14] , with additional data taken from pathological reports issued following resection. Venous invasion was routinely identified using elastica staining as previously described [15] .
Peritumoural immune responses were assessed according to the Klintrup-Mäkinen (K-M) score and by examining the immune cell type and density at the invasive margin as previously described [16, 17] . Briefly, sections of the tumour at the deepest point of invasion were stained for mature (CD3), cytotoxic (CD8), memory (CD45R0) and regulatory (FOXP3) T-cells and density graded as low or high. The K-M score has previously been shown to be comparable with immune scores incorporating assessment of the type and location of immune cell infiltrates [16] and was used for subsequent survival analyses.
The assessment of TSP was carried out using H&E-stained sections of the deepest point of tumour invasion as previously described [10, 11] . Tumour sections were scanned using a Hamamatsu NanoZoomer (Welwyn Garden City, Hertfordshire, UK) at ×20 magnification, and visualisation was carried out using the Slidepath Digital Image Hub, version 4.0.1 (Slidepath, Leica Biosystems, Milton Keynes, UK). At ×5 magnification, an area representative of the tumour invasive margin was selected. Using ×10 magnification, a single field was examined, ensuring that tumour cells were present at all four sides of the image and the area of stroma was calculated as a percentage (to the nearest 5%) of the visible field. Areas of necrosis or mucin were excluded from the field. Where multiple sections were available, each section was scored and an average calculated. All tumours were scored by a single investigator (JHP), with co-scoring of 35 patients carried out by another (CSDR) to ensure consistency. The interobserver intraclass correlation coefficient was 0.783 for the assessment of TSP and 0.813 for the TSP group Patients were routinely followed up for 5 years following surgery. Date and cause of death were crosschecked with the cancer registration system and the Registrar General (Scotland). Death records were complete until 1 December 2011 that served as the censor date. Cancer-specific survival (CSS) was measured from the date of surgery until the date of death from CRC.
statistical analysis
To identify a TSP threshold for survival analysis, patients were split into quartiles on the basis of TSP and survival analysed between each group using Kaplan-Meier log-rank (Mantel-Cox) pairwise comparisons ( Figure 1A) . Subsequently, the first, second and third quartiles (TSP <53%) were grouped as low TSP and the fourth quartile (TSP ≥53%) grouped as high TSP. To simplify the analysis, patients were subsequently grouped into low TSP (≤50%) and high TSP (>50%) (Figure 2 ).
The effect of TSP on CSS was examined using Kaplan-Meier log-rank analysis. Univariable survival analysis of all patients was carried out using Cox proportional hazards regression to calculate hazard ratios (HRs) and 95% confidence intervals (95% CI). Variables with P-value of <0.1 were entered into a multivariable model using a backwards conditional method. Variables found to be significant on multivariate analysis were subsequently examined in patients with node-negative disease and those who received adjuvant chemotherapy. The association between TSP and clinicopathological characteristics was analysed using the χ 2 test for linear trend. A P-value of <0.05 was considered statistically significant. All analyses were carried out using the SPSS version 21.0 (IBM SPSS, IL, USA).
results
A total of 331 patients who underwent resection of stage I-III CRC were included. Mean CSS of patients with stage I-III CRC was shorter in patients with high TSP tumours compared with those with low TSP tumours (110 versus 140 months, P < 0.001) ( Figure 1B) .
The relationship between TSP, clinicopathological characteristics and CSS is presented in Table 1 . On univariate analysis, a high TSP was associated with shorter CSS (P < 0.001). On multivariate analysis, a high TSP was associated with reduced CSS (HR 1.84, 95% CI 1.17-2.92, P = 0.009), independent of age, mGPS, N stage, venous invasion and K-M score.
In node-negative CRC, a high TSP showed a trend towards shorter mean CSS compared with a low TSP (131 versus 151 months, P = 0.069) ( Figure 1C ). On multivariate survival analysis (Table 1) , a high TSP was independently associated with reduced CSS (HR 2.14, 95% CI 1.01-4.54, P = 0.048), independent of mGPS and K-M score.
The relationship between TSP, cliniciopathological characteristics and survival in patients who underwent adjuvant chemotherapy following CRC resection was examined. In total, 23 (12%) patients with stage II disease and 59 (48%) with stage III disease received chemotherapy. Patients receiving adjuvant therapy were more likely to be male (61% versus 48%, P = 0.048), younger than 65 years of age (58% versus 25%, P < 0.001), and have American Society of Anesthesiologists (ASA) grade I/II (73% versus 56%, P = 0.016). Adjuvant chemotherapy was associated with the presence of several high-risk pathological characteristics, including advancing T stage, lymph node positivity and venous invasion (supplementary Table S1 , available at Annals of Oncology online).
A high TSP was associated with shorter mean CSS following adjuvant chemotherapy (103 versus 144 months, P = 0.009) ( Figure 1D ). On multivariate analysis (Table 1) , a high TSP was associated with reduced CSS (HR 2.83, 95% CI 1.23-6.53, P = 0.015), independent of mGPS, venous invasion, tumour perforation and K-M score.
The relationship between TSP, clinicopathological characteristics and host inflammatory responses was examined (Table 2) .
TSP was not associated with age, sex or ASA grade. A high TSP was associated with adjuvant chemotherapy (P < 0.01), increasing T-stage, margin and serosal involvement (all P < 0.05), increasing N stage, an infiltrative invasive margin and was inversely associated with necrosis (all P ≤ 0.01). A high TSP showed a trend towards an association with venous invasion original articles Annals of Oncology (P = 0.066). TSP was not associated with systemic inflammatory responses; however, showed a trend towards an inverse association with local inflammatory responses as measured by the K-M score (P = 0.069), but not by T-cell subtype density at the invasive margin.
discussion
In the present study of patients undergoing elective, curative resection for stage I-III CRC, a high TSP was independently associated with reduced CSS, independent of adverse pathological characteristics and host inflammatory responses. Indeed, given that the present threshold of 50% TSP is consistent with previous reports [10, 11] , these results suggest that this simple, rapid assessment of the tumour stroma using routine pathological specimens may improve risk stratification of patients undergoing curative CRC resection. Despite being associated with increasing T stage, TSP was inversely associated with tumour necrosis. The basis of this observation was not clear; however, expansion of the stroma may obviate the development of tumour necrosis through increased angiogenesis [18] and resistance to tissue hypoxia [19] . Furthermore, the tumour stroma may reciprocate in tumour cell metabolism by facilitating recycling of products of anaerobic metabolism for further use by tumour cells [20] . Moreover, the inverse association between TSP and necrosis may also explain the lack of any perceived effect of TSP on the host systemic inflammatory response, as necrosis has been shown to promote systemic inflammation through interleukin-6 and other circulating pro-inflammatory cytokines [21] .
Taken together, the present results suggest that an expanded tumour stroma may influence disease progression through a direct effect on tumour growth and invasive capabilities. Indeed, the presence of a tumour-supporting stroma may overcome barriers such as a lack of suitable energy substrate and build-up of metabolic waste [20] , tissue hypoxia [19] and host-tissue integrity [8] , all of which may otherwise prevent tumour growth and invasion. It was of interest that the proportions of T1-2 and T3 tumours with a high TSP were similar (21% and 19%, respectively), whereas 38% of T4 tumours had a high TSP. Therefore, the present results suggest that although a high TSP may be identified in early-stage tumours, expansion of the stromal compartment is also a characteristic of more locally advanced, aggressive disease, perhaps facilitating tumour budding and host-tissue infiltration [22] .
Indeed, the present study found an association between TSP and the presence of an infiltrative invasive margin. Furthermore, lymphatic metastases and venous invasion were also more likely in patients with a high TSP. The tumour stroma has previously been shown to facilitate EMT [8, 23] and tumour cell migration into normal tissue at the host-tumour interface, characteristic of an infiltrative invasive margin [22] . Similarly, the presence of an immature stroma and a high density of stromal myofibroblasts have both been associated with tumour budding [24, 25] . Therefore, the present findings further support a pertinent role for the tumour stroma in facilitating tumour cell de-differentiation and dissemination.
Although the interrelationships between the tumour stroma, tumour microenvironment and gross pathological characteristics are likely complex, TSP remained independently associated with CSS in patients undergoing potentially curative CRC resection. Furthermore, alongside host local and systemic inflammatory responses, TSP was more strongly associated with reduced CSS than pathological characteristics currently used to identify high-risk, node-negative disease [26] . Indeed, the present results further confirm the importance of both tumour-based factors, such as the tumour microenvironment, and host factors, such as systemic inflammation [13] , in determining oncological outcome.
Consistent with previous reports of the role of tumour stroma in chemoresistance [9] , survival was significantly shorter in patients undergoing adjuvant therapy for high TSP tumours. In addition to identifying high-risk patients, TSP may also select patients less likely to benefit from standard therapy and who should be considered for additional adjunctive treatment, potentially targeted at the stroma itself [27] . Indeed, given the potential role of the tumour stroma in angiogenesis [18] , TSP may be a biomarker of response to anti-angiogenic therapies. Such agents, however, are not currently licensed for use in CRC within our healthcare system. Furthermore, relatively few patients in the present study received adjuvant chemotherapy, with <50% of patients with stage III undergoing adjuvant treatment. Therefore, TSP remains to be investigated in a larger cohort of patients undergoing adjuvant chemotherapy for highrisk CRC, as does the impact of TSP on the efficacy of antiangiogenic therapies.
Despite recognition of the importance of the tumour stroma in cancer progression, its relationship with other components of the tumour microenvironment has yet to be fully characterised. In the present study, there appeared to be a trend towards a weaker peritumoural inflammatory infiltrate, as measured by 
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the K-M score but not by T-cell subtypes, in patients with high TSP tumours. It has previously been proposed that the tumour stroma may prevent effective tumour infiltration by adaptive immune cells [24, 28] . In the present study, the effect of TSP on survival remained independent of local inflammatory responses, suggesting the presence of other mechanisms rather than a direct effect on adaptive immunity. Although the T-cell markers examined in the present study were chosen on the basis of a recent systematic review confirming their relevance in CRC [5] , the relationship between TSP and other cellular components of both the adaptive and innate local inflammatory responses remains to be examined. Indeed, tumour stroma may promote the development of a pro-tumour rather than anti-tumour immune infiltrate [29] . Therefore, further characterisation of the inflammatory infiltrate and its association with tumour stroma is warranted. The present study is limited by the small number of patients with stage I disease (25 patients). As such, it was not possible to examine the effect of TSP on clinicopathological characteristics and survival separately in stage I and II CRC and gain further insights into the natural history of tumour stroma development. Despite this limitation, the present study provides comprehensive assessment of the associations between TSP and the tumour microenvironment and, in a cohort of patients with mature survival data, further confirms the prognostic relevance of assessment of the tumour microenvironment in patients undergoing curative CRC resection.
In summary, the present study shows the importance of the tumour microenvironment, and in particular TSP, in determining outcome in patients with CRC. Owing to its relatively simple assessment, TSP may be readily incorporated into routine clinical pathology reporting to improve risk stratification following curative CRC resection. 
